Summary
Food safety is a critical public health issue for consumers and the food industry because microbiological contamination of food causes considerable social and economic burdens on health care. Most foodborne illness comes from animal production, but as of the mid-1990s in the United States and more recently in the European Union, the contribution of fresh produce to foodborne outbreaks has rapidly increased. Recent studies have suggested that sterilization with nonthermal plasma could be a viable alternative to the traditional methods for the decontamination of heat-sensitive materials or food because this technique proves capable of eliminating micro-organisms on surfaces without altering the substrate. In the last 10 years, researchers have used nonthermal plasma in a variety of food inoculated with many bacterial species. All of these experiments were conducted exclusively in a laboratory and, to our knowledge, this technique has not been used in an industrial setting. Thus, the purpose of this review is to understand whether this technology could be used at the industrial level. The latest researches using nonthermal plasma on fresh produce were analysed. These evaluations have focused on the log reduction of micro-organisms and the treatment time.
Micro-organisms and foodborne outbreaks
For this topic, literature searches were performed using Pub Med, Web of Sciences TM and Scopus as well as subject-specific databases to identify potentially relevant publications, prioritizing peer-reviewed journals. Furthermore, governmental, food safety and public heath sites were visited for information on outbreaks, including World Health Organization (WHO, http://www.who.org, December, 2016), US Centers for Diseases Control and Prevention (CDC, http:// www.cdc.gov, December, 2016), the Foodborne Diseases Active Surveillance Network (FoodNet, https://www. cdc.gov/foodnet, December, 2016), the European Centre for Diseases Prevention and Control (ECDC, http:// www.ecdc.europa.eu, December, 2016), the European Food Safety (EFSA, http://www.efsa.org, December, 2016) .
Currently, the global burden of foodborne diseases due to the presence of contaminating and pathogenic microorganisms in food remains high although in the 1990s some foodborne illnesses declined due to an intensive and focused effort in checking some parts of the food chain (Purayidathil and Ibrahim 2012; Braden and Tauxe 2013; WHO 2015) . In 2015, FoodNet identified 20 107 confirmed cases of infections, 4531 hospitalizations and 77 deaths caused by nine pathogens transmitted through food at 10 sites, which encompassed 15% of the US population. The incidence of confirmed cases per 100 000 were reported for Salmonella (15Á89), Campylobacter (12Á97), Shigella (5Á53), Cryptosporidium (3Á31), Shiga toxin-producing Escherichia coli (STEC) non-O157 (1Á64), STEC O157 (0Á95), Vibrio (0Á39), Yersinia (0Á29), Listeria (0Á24) and Cyclospora (0Á13). Compared with the incidence rate in 2012-2014, the incidence of confirmed infections in 2015 was significantly higher for STEC non-O157 (40% increase) and Cryptosporidium (59% increase) (Huang et al. 2016) . The 2014 overall incidence for the nine pathogens was significantly lower compared with the 1996-1998 data (À29%) with further reductions in 2006-2008 (À3%) and 2011-2013 (À8%) (CDC 2014) . The incidence of infections and the number of hospitalizations were the highest for Salmonella; the per cent of hospitalization and deaths were the highest for Listeria.
The range of infections and the food sources that transmits them have changed as new pathogens have emerged or are better detected, the high-risk population has increased, the previous syndromes of unknown cause have been linked to foodborne infection, and the nature and sources of the food we eat has changed (Braden and Tauxe 2013) . In 2014, viruses were, for the first time, the most commonly detected (20Á4%) causative agent in foodborne outbreaks (EFSA 2015) . In particular, Noroviruses (NV) are recognized as the major cause of outbreaks of acute gastroenteritis. Infectious intestinal disease (IID) causes substantial disease burden in both high-and low-income countries. In a population-based study conducted in 2008 -2009 , it was estimated that a quarter of the UK population experiences IID annually; NV and Campylobacter, the most common viral and bacterial pathogens, account for 3 million and 0Á5 million annual cases respectively (Tam and O'Brien 2016) . Most foodborne illnesses come from animal production, but as of the mid-1990s in the United States and more recently in the EU, the contribution of fresh produce to foodborne illness has rapidly increased (Nguyenthe et al. 2016) . Many studies are reporting foodborne outbreaks due to fresh produce in the United States, the European Union and in Australia over the last 20 years (Callejon et al. 2015; Nuesch-Inderbinen and Stephan 2016; Wadamori et al. 2016; Yeni et al. 2016) . Foods of non-animal origin comprise a wide range of fruit, vegetables, salads, seeds, nuts, cereals, herbs, spices, fungi and algae. Foods of non-animal origin are commonly consumed in a variety of forms: (i) ready-to-eat (RTE) foods in which the constituents are raw or minimally processed (e.g. fresh-cut and prepackaged) and (ii) foods that are processed with heat or other inactivation treatments. Foods of non-animal origin are a major component of almost all meals. Mixed-ingredient RTE salads are considered healthy and convenient and are popular with consumers.
From 2004 to 2012, the United States and European Union have reported a total of 377 and 198 fresh produce-associated outbreaks respectively (Callejon et al. 2015) . This high number of outbreaks linked to fresh produce may be due to improved surveillance, but it might also be related to changes in consumer food preferences, food production and distribution practices, as well as the emergence of new foodborne pathogens (Harris et al. 2003; Sivapalasingam et al. 2004) . In the United States, the absolute number of outbreaks due to fresh produce ranges from 23 to 60 per year and does not show a clear trend during this period. In fact, there were substantial increases in 2006 (57 outbreaks), 2008 (51 outbreaks) and 2011 (60 outbreaks) (CDC 2014) . In the European Union, the number of outbreaks fluctuate between 10 and 42, underlining increases in 2006 (29 outbreaks), 2009 (34 outbreaks) and 2010 (44 outbreaks). In the EU, sprouted fenugreek seeds (a fresh produce) were involved in the major food outbreak in 2011, which resulted in 3000 cases of bloody diarrhoea, 852 cases of haemolytic-uraemic syndrome and 53 deaths (Callejon et al. 2015) .
A broad spectrum of micro-organisms and food vehicles are involved in fresh produce-associated outbreaks. Norovirus was the main pathogen responsible (59% of foodborne illnesses in the United States and 53% of foodborne illnesses in the European Union) followed by Salmonella (18% of foodborne illnesses in the United States and 20% of foodborne illnesses in the European Union). Specifically, in the United States, NV outbreaks were strongly correlated with the consumption of salads; in the European Union, this pathogen was mainly linked to berries (raspberries). Salmonella was the most common bacterial pathogen responsible for fresh produce outbreaks, accounting for nearly half of the outbreaks due to bacteria (53% in the United States and 50% in the European Union). Salmonella was the micro-organism involved in the majority of sprout-associated outbreaks (14 in the US and 11 in the EU). Regarding other micro-organisms, E. coli and Campylobacter outbreaks were more prevalent in the United States than in the European Union. Regarding food vehicle, E. coli was associated with the consumption of various fresh vegetables, fruits and sprouts, whereas Campylobacter jejuni was involved in fresh produce outbreaks linked to the consumption of salad, lettuce, tomatoes and melons (Callejon et al. 2015) .
Surveys of fresh produce have revealed contamination with pathogenic bacteria in commodities such as tomatoes, lettuce, salad greens, sprouting seeds, unpasteurized fruit juice, cantaloupe and nuts (EFSA 2013) . Prevalence and trends of bacterial contamination in fresh fruits and vegetables started in Europe. In Sweden, a survey on prepackaged RTE mixed-ingredient salad showed that 9% of the 141 samples were contaminated with Listeria monocytogenes. The results of this study indicate that pathogenic bacteria can be present in RTE salads in Sweden (S€ ooderqvist et al. 2016) . This public health concern should be addressed by improving the hygiene of the raw ingredients, the production environment and the cold temperature from the manufacturer to the consumer. There is a great need to address possible decontamination treatments for fresh fruit and vegetables from production systems that would otherwise lack adequate safety. However, such treatments raise issues of acceptability by consumers and the high costs incurred. The final use of fruits and vegetables in the food distribution chain, for example, eaten raw vs heat treated, could also be adapted with regard to the microbiological risks that they could pose.
How plasma acts on the micro-organisms
The term 'plasma' refers to a partially or completely ionized gas consisting of photons, ions, free electrons and atoms in their fundamental or excited states having a net neutral charge. The free electric charges (electrons and ions) make plasma electrically conductive, internally interactive and strongly responsive to electromagnetic fields. Plasma chemistry can be divided into two parts: (i) a volume chemistry, which addresses the formation and loss reactions of species in the discharge volume, and (ii) a surface chemistry, implying adsorption and desorption of molecules at the substrate surface or etching (Fridman 2008) as shown in Fig. 1 .
The first complete analysis of literature on low-pressure cold plasma sterilization was shown by Moisan et al. (2001) regarding the role of UV photons and reactive species on the survival curve of micro-organisms. In the classical sterilization process, such plots show a single straight line, while plasma sterilization shows a survival diagram with two or three different linear segments. The analysis of the three single steps in the survival curve suggested many basic mechanisms: (i) direct destruction by UV irradiation of the genetic material of the micro-organism; (ii) erosion of the micro-organism, atom by atom, through intrinsic photodesorption by UV irradiation to form volatile compounds combining atoms intrinsic to the micro-organisms; and (iii) erosion of the microorganism, atom by atom, through etching. The etching results from the adsorption of reactive species from the plasma (glow or afterglow) on the micro-organism with which they subsequently undergo a chemical reaction to form volatile compounds. In certain cases, the etching mechanism is enhanced by UV photons acting synergistically with the reactive species (Laroussi 2005 The total efficiency g T of the NTP process will be the product of the efficiencies of the primary process (g Primary ) and of the chemical reactions in the secondary process (g Secondary ) (Kim 2004) . (b) The atom and molecule entering the plasma are converted into activated species with kinetic rate constant Ka. The activated species arrive at the surface and may be adsorb (Kb). After adsorption, they may make a chemical reaction with the surface (Kc), which then desorbs (Ke), or which may spread onto the same surface (Kd). Alternatively, the reactive atoms may desorb without undergoing any reaction (Ki) or may undergo associative desorption with a reactive atom already on the surface (Kj). Reactive species may couple in the plasma to form larger nuclei of materials and dust particles (Kg). Finally, the product resulting from the recombination between desorbed species in the plasma may return to the surface (Kh) (D'Angelo 2010). [Colour figure can be viewed at wileyonlinelibrary.com] organism, the type of medium in which the micro-organisms are seeded, the method of exposure (direct or remote exposure) and the experimental work on the germicidal effects of cold atmospheric pressure plasma have shown survivor curves with different shapes, revealing that bacteria inactivation by nonequilibrium high-pressure plasmas is a composite process. If UV is present in a dominant manner, the survivor curves often exhibit a first rapid step followed by a second slower step. When the presence of UV is not dominant, such as in the case of an air plasma, single-slope survivor curves were mostly observed. However, in many cases, multislope curves have also been reported. Montie et al. (2000) proposed three mechanisms of cell destruction in the case of high-pressure cold plasmas assuming the presence of oxygen and moisture in the gas mixture: (i) the susceptibility of unsaturated fatty acids to attacks by hydroxyl radicals caused lipid peroxidation as confirmed by Dolezalova and Lukes (2015) ; (ii) the susceptibility of amino acids to oxidation caused protein denaturation; and (iii) the formation of base adducts, which are generated through reactions with oxygen radicals that caused DNA oxidation. Mendis et al. (2000) suggested that the membrane rupture of Gram-negative bacteria is caused by charge accumulation on the outer surface of the membrane; Gram-positive bacteria do not undergo visible morphological changes (Laroussi et al. 2002; Laroussi 2005) . However, different types of bacteria show a drastic reduction in cell viability. The diffusion of plasma-generated reactive species through the cell membrane induces the promotion of some reactions with the inner biomaterials: these reactions lead to cell death or nonviable cells (Lackmann and Bandow 2014) . Recently, Guo et al. (2015) postulated an explanation to justify the role of UV radiation in different plasma conditions. When UV radiation played a major role in the inactivation process, the gases were Ar or a N 2 /O 2 mixture in combination with microwave-driven discharge. In this context, the ionization energy of Ar is higher than N 2 and O 2 , making N 2 and O 2 ions (i.e. N 2 + , N + , O 2 + and O + ). In these conditions, the amount of positive nitrogen ions and negative oxygen ions was similar, and NO was generated with more respect to the electric discharge directly in the air. A similar mechanism happens with the excited state of NO. UV radiation in this experimental condition plays a main role in bacterial inactivation because their doses in the 200-300-nm wavelength range are higher than other experimental conditions.
The lipid bilayer of microbial cells is more susceptible to atomic oxygen as the reactivity of atomic oxygen is much higher than that of molecular oxygen, which can degrade lipids, proteins and DNA of cells. The damage of the double bonds in the lipid bilayer causes impaired transportation of molecules in and out of the cell. The bombardment of reactive oxygen species (ROS) on the surface of bacterial cells also disrupts the membrane lipids. During plasma use, micro-organisms are exposed to an intense bombardment by the radicals, which most likely provoke surface lesions that the living cell cannot repair sufficiently, a process termed 'etching'. Plasma etching is based on the interaction of relative energetic ions and activated species with the molecules of the substrate. The accumulation of charges imparts an electrostatic force at the outer surface of cell membranes and can cause cell wall rupture called electropermeabilization, which is the same principle occurring in pulsed electric fields. During plasma treatment, where plasma initiates, catalyses, or helps sustain a complex biological response, compromised membrane structures (e.g. peroxidation) or changes in the membrane-bound proteins and/or enzymes leads to complex cell responses and may affect many cells, as the affected cell then signals others.
The reactive species in plasma have been widely associated with direct oxidative effects on the outer surface of microbial cells. The presence of water increases the effect of plasma: the highest efficiency in sanitization was observed in moist organisms in comparison to dry organisms. One potential application of plasma in decontamination is based on the damage the deoxyribonucleic acid (DNA) in the chromosomes by plasma reactive species (Wiseman and Halliwell 1996) . The use of plasma results in malondialdehyde formation in microbial cells, which is responsible for DNA adduct formation, leading to cell damage. In particular, reactive species interact with water, leading to the formation of OH À ions, which are most reactive and harmful to the cells. These radicals that formed in the hydration layer around DNA are responsible for 90% of DNA damage. Hydroxyl radicals can then react with organics in its proximity leading to subsequent oxidation and consequently, to DNA destruction as well as destruction of cellular membranes and other cell components. Several active species can react with cells, but ROS such as oxygen radicals (especially single state oxygen) can produce significant effects on cells by reacting with various macromolecules (Thirumdas et al. 2015) .
Only a few studies have reported antiviral activity of nonthermal plasma against foodborne viruses, such as NV and hepatitis A virus (Zimmermann et al. 2011; Ahlfeld et al. 2015) . Moreover, virus inactivation was reviewed by Scholtz et al. (2015) . The chemical interaction of ROS and reactive nitrogen species, such as singlet oxygen (O 2 *), ozone (O 3 ), and superoxide (O 2 ) or peroxynitrous acid are crucial for the virucidal activity. The above-mentioned species potentially react with the capsid protein, leading to protein peroxidation and destruction of the capsid. Moreover, these reactive species can damage the viral RNA, reducing gene expression and eliminate viral RNA, or both. Several reports suggested this hypothesis of action. Yasuda et al. (2010) suggested that NTP mainly affects in a quick way the k bacteriophage coat protein and, with long plasma exposures, causes damage to the bacteriophage genome. Plasma will react directly with the phages from the initial stage of discharge because bacteriophages are not enveloped by a lipid bilayer membrane. It is suggested that the primary cause of inactivation by nonthermal plasma is not the fragmentation but some chemical modification in the coat proteins and the molecular weight growth: electrophoresis results showed that molecular damage is not the degradation of proteins or DNA but their denaturation or chemical modification (Yasuda et al. 2010; Alshraiedeh et al. 2013) .
Plasma action on food components
Plasma impact on food components and properties (colour, pH, vitamins, fat and enzymes) was reviewed by Surowsky et al. (2015) and Misra et al. (2016) . The plasma action on the colour of food surfaces is the most widely studied probably because it is a freshness indicator and it influences the consumers. Colour changes were reported in fresh produce and in food of animal origin, but the results differ according to the plasma treatment and the food tested (Surowsky et al. 2015) . Other studies show the plasma impact on natural enzymes as polyphenol oxidase, peroxidase, superoxide dismutase and lysozyme. They are usually successfully inactivated by nonthermal plasma treatment but the inactivation level depends on the treatment time and the voltage applied (Misra et al. 2016) . The denaturation of natural enzymes can be desired or undesired, but it needs further investigations on the impact of plasma treatments on vitamins, polyphenols and nutrients. Furthermore, there is a lack of evidence regarding organoleptic evaluations of fresh produce treated by nonthermal plasma (Surowsky et al. 2015) . Moreover, plasma can be used for the degradation of chemical compounds as mycotoxins and pesticides (Heo et al. 2014; Ouf et al. 2015) , but data regarding the formation of toxic by products are still missing. The technical processes applied in food treatment may affect the allergenicity of food components. The allergenic activity of proteins is lowered or remains stable, whereas an increase is rarely observed after the nonthermal plasma treatments and they must thus be designed to avoid the formation of these substances as far as possible. However, there are currently no data available on the allergenicity of the resulting products .
Plasma obtained at atmospheric pressure
The plasma is described by generative technology with the following main partial discharges (PDs): dielectricbarrier discharges (DBD), corona discharges (CD), microwave discharges (MW) and atmospheric pressure plasma jet (APPJ).
DBD installations have various electrode configurations and are characterized by the presence of one or more solid dielectric layers (glass, quartz and ceramic) placed between the metal electrodes. The gap between the electrodes with the dielectric can range from 100 mm to many centimetres. In atmospheric pressure environments, under 10 kV AC conditions, a distance of few millimetres between the electrodes is common. Multiple set-ups of the electrode systems are also common, and joint and nonjoint electrode configurations are possible (Denes and Manolache 2004) . The dielectric layer plays an important role for (i) limiting the discharge current and avoiding the arc transition (it enables to work with a continuous/ pulsed mode) and (ii) distributing random streamers on the electrode surface and ensuring a homogeneous treatment (Tendero et al. 2006) .
Corona discharges are often called negative, positive, bipolar, AC, DC or high frequency, depending on the polarity of the stressed electrodes, whether one or both positive and negative ions are implicated in the current conduction, and on the nature of the driving field. CD are exclusive in comparison to other plasmas due to the presence of a large low field drift region positioned between the ionization zone and the passive (low field) electrode. Ions and electrons penetrating the above mentioned drift space will undergo neutralization, excitation and recombination reactions including both electrons and neutral and charged molecular and atomic species. Nevertheless, because of the multiple inelastic collision processes in the atmospheric pressure environment, the charged active species running off from the ionization zone (electrons and ions) will have energies lower than the ionization energies, and as a consequence, neutral chemistry (free radical chemistry) will typify the drift region (Denes and Manolache 2004) .
Microwave discharges are produced by electromagnetic waves with frequencies above hundreds of MHz. The discharge usually burns in a box, where the waves are in resonance. Because of the necessity for a microwave-generating apparatus and the need for protection, this type of plasma, in general, seems to be of minor interest in biotechnology, but it was often used in the basic research of NTP interactions with biomaterials. However, MW belongs to one of the few NTP plasma sources already certified for medical use (Scholtz et al. 2015) .
The last type of PDs is the APPJ that can operate with radio frequency power or microwave power. The ionized gas from the plasma jet flows out through a nozzle and is directed on a substrate situated a few millimetres to a few centimetres downstream. This APPJ source configuration has been used for many applications such as the surface treatment of different materials and biomedical applications and, for example, the induction of apoptosis in cancer cells. An apparatus with characteristics similar to APPJ is the APP torch system, but the plasma is generated between the tip of the centre of the electrode and the ground electrode near the exit of the torch. A relatively low electron and gas temperature characterizes the APPJs because gas molecules are dissociated between the electrodes in a glow microdischarge. In the case of plasma torches, a very high voltage of 10-50 kV is generally applied, and the reactive gas is dissociated in an arc discharge. Consequently, a typical atmospheric pressure plasma torch is predisposed to have a significantly greater gas temperature and plasma density than that found in APPJs (Kim et al. 2016) .
Nonthermal plasma application on fresh produce
The potential of the nonthermal plasma technology in food decontamination has emerged since the mid-1990s when many studies that evaluated the effectiveness of plasma on pure cultures of many micro-organisms started being published (Surowsky et al. 2015) . These studies found that the plasma inactivation capacity depended on many factors such as the type of technology used to generate the plasma, the feed gas, the voltage, the treatment time, the direct or indirect exposure, the species and the concentration of the tested micro-organisms and the structural characteristics of the produce (Li and Farid 2016) . It was only in the last 10 years that researchers began to apply nonthermal plasma to the surface of different foods inoculated with many bacterial species. Of the studies we found, 40% used cold plasma on fresh fruits and vegetables, 21% on dry fruits, nuts and seeds, 19% on protein foods such as meat and cold cuts, 10% on spices, 6% on liquids and 4% on the eggshells. All of these experiments were performed exclusively in the laboratory and, to our knowledge, real industrial applications have not yet been made. Indeed, these studies have shown both the ability of plasma processes to break down the microbial load and some limitations in the efficacy on biofilms, the capacity of penetration and a lack of knowledge on the nutritional effects (Fern andez and Thompson 2012; Niemira 2012; Pinela and Ferreira 2015; Surowsky et al. 2015; Thirumdas et al. 2015) . The nonthermal plasma treatment could be a step in a multistage process in which microorganisms, pathogens and chemical contaminants need to overcome in order to survive in the food environment. The correct combination of hurdles can ensure microbial safety, stability and quality of foods (Pinela and Ferreira 2015) . For example, nonthermal plasma can be generated by applying electric fields to the gas that is inside packages (Ziuzina et al. 2012) . Misra et al. (2014a) studied the effects of cold plasma on packaged strawberries, and they reached a 3 log reduction of the total plate count. Additionally, Min et al. (2016) inhibited E. coli O157:H7, Salmonella, L. monocytogenes and Tulane virus inoculated on Romaine lettuce treated in-package by a DBD process. Therefore, this treatment received increasing attention from the food industry because it can prevent the recontamination of fresh produce during the packaging step, and it has the potential to scale up for commercial application (Li and Farid 2016) .
The studies on fresh foods, as defined previously, are shown in Tables 1-7 since they were the most involved in the foodborne outbreaks that occurred in Europe and industrialized countries. The studies were divided into seven groups based on the type of micro-organism subjected to the treatment. The authors applied cold plasma on fresh vegetables (56%), dry fruits, nuts and seeds (29%) and spices (15%). Different plasma processes were used including plasma jet (34%), DBD (20%), MW (14%), low-pressure plasma (12%), CD (3%) and other plasma processes (17%). Furthermore, the gas most widely used was air (44%), followed by pure Ar (17%), mixtures of He/O 2 and Ar/O 2 (12%) and pure N 2 (9%).
The inoculated micro-organisms included E. coli, Salmonella spp., Listeria spp., mesophilic bacteria, fungi, yeast, spores and bacilli and even other micro-organisms involved in the decay process. The micro-organisms that were most studied were E. coli, fungi, mesophilic bacteria and Salmonella spp. Notably, E. coli and especially toxinproducing species and Salmonella spp. are often responsible for foodborne outbreaks. As reported above, in Europe, the main causative agent of these events is C. jejuni and Campylobacter coli, but in the tables, no studies are reported that used this micro-organism. Campylobacter jejuni was used in one study where it was inoculated at a concentration of approximately 4 log on skinless chicken breast and chicken thighs with the skin then subjected to a direct treatment with air plasma at atmospheric pressure (DBD) for 3 min; this treatment was enough to break down the micro-organism of 2Á45 log and 3Á11 log respectively (Dirks et al. 2012) . The lack of studies on the plasma treatment of foods inoculated with Campylobacter spp. could be due to it being a microaerophilic microorganism and the difficulty in cultivation. To our knowledge, studies assessing the effectiveness of nonthermal plasma on food contaminated with NV have not been published since NV, which is a primary cause of acute gastroenteritis in both Europe and the United States, cannot be cultivated. There is only one study in which human faeces contaminated with NV GII.4 were treated with cold atmospheric pressure plasma for 15 min to reach a reduction of 1Á60 log genomic equivalents per millilitre (Ahlfeld et al. 2015) . To verify whether the effectiveness of the plasma treatment depended on the type of micro-organism inoculated, the type of technology, the type of gas, the type of food and the exposure time, statistical analyses were performed on the data reported in Tables 1-7 . The statistical analysis was conducted with the statistical package IBM SPSS Statistics 22.0. The Spearman's test was used to evaluate the correlation between micro-organism abatement and treatment time. The effect of the plasma process applied (DBD, CD, plasma jet, MW, low pressure and other processes), the gas used for plasma generation (air, N 2 , He, SF 6 , He mixture, N 2 mixture and Ar mixture) and the type of fresh produce (fresh vegetables, dry fruits and spices) on the micro-organism log reduction and on the treatment time was assessed by ANOVA, Tukey's multiple comparison method and t test. Significance of effects was evaluated within 95% confidence intervals (P ≤ 0Á05). At first, statistical analyses were performed by considering the data as a whole, and then the data were divided by the type of micro-organism treated, the type of plasma process used, the type of gas for the generation of plasma, the treatment time and the type of food treated. As shown in Tables 1-7, the data are not homogeneous, such as the data regarding the treated micro-organism groups and the type of plasmas that were used. In some cases, the lack of homogeneity in the data prevented statistical analysis or resulted in no significant differences due to groups containing a low number of data. In order to evaluate the micro-organism abatement due to the different process parameters, log reduction was used. The mean and standard deviation of the abatement and the treatment time related to different parameters are shown in Table 8 . On average, the plasma treatments are able to reduce the micro-organism on fresh produce by 2Á73 AE 1Á44 log, and this highlights their potentiality in food decontamination. The mean abatement of the seven groups of micro-organisms ranges from 3Á25 AE 1Á56 log for Listeria sp. to 1Á51 AE 1Á04 log for bacilli and spores, but there are no statistically significant difference between the groups.
Regarding the plasma processes that were studied, plasma jet was applied on all micro-organisms that were considered followed by DBD and MW, which were tested on all micro-organisms except bacilli/spores and the so called 'other' respectively. The abatements obtained with the different plasma processes range between 3Á55 AE 1Á63 log for those identified as other treatment and 1Á23 AE 0Á64 log for CD plasma. The ANOVA revealed a statistically significant difference comparing the mean abatements with the type of plasma used (F = 4Á996, P < 0Á001), especially between the DBD and the plasma jet (P < 0Á005) and between the DBD and the MW (P < 0Á05). This highlights the efficacy of the DBD more than the other two most used treatments, regardless of the type of micro-organism or treated food. Additionally, low-pressure plasma and the so called 'other processes' reached good micro-organism reduction, but they were not studied on all groups of micro-organisms.
Furthermore, the mean abatement obtained in relation to the type of gas used to generate the plasma amounted between 4Á10 AE 0Á85 log reached with SF 6 and 1Á80 AE 1Á22 log with Ar. Moreover, the differences between the groups were statistically significant (F = 4Á290, P < 0Á001) and in particular, from mixtures Ar/O 2 and N 2 (P < 0Á05) and between the mixtures Ar/O 2 and Ar (P < 0Á05). This mixture was then proven to be the most effective (3Á86 AE 0Á94), immediately followed by air, that is the only gas used for generating plasma applied to all seven groups of micro-organisms, and it reached a mean log reduction of 3Á03 AE 1Á58. This is an important result because air is the least expensive gas, and this characteristic could be critical for the application of plasma treatment on an industrial scale. No correlation was found between the abatement and processing time used during the experiments except for bacilli and spores (Rho = 0Á730, P < 0Á05), which are the most resistant micro-organisms among those surveyed. The treatment times ranged between 22Á22 AE 7Á54 min for bacilli and spores and 3Á45 AE 3Á77 min for E. coli sp. The ANOVA showed a statistically significant difference between the treatment times used on different groups of micro-organisms (F = 4Á565, P < 0Á05). Using the post hoc Tukey's test, the most significant differences were found between E. coli sp. and mesophilic bacteria (P < 0Á05), E. coli sp. and bacilli and spore (P < 0Á01), Listeria sp. and bacilli and spores (P < 0Á05) and, finally, between fungi and bacilli/spores (P < 0Á05). Therefore, E. coli sp. appears as the micro-organism that requires little time to treat, and this is definitely an important finding given the problems related to the disease because of toxin producers such as E. coli O157:H7. The treatment time is also significantly different relative to the type of plasma used (F = 5Á068, P < 0Á001) and in particular, between the treatment time with the plasma jet and MW (P < 0Á001) and between MW and 'other' treatments (P < 0Á05). In fact, the latter have proved to be the most rapid followed by those at low pressure, while MW reached the highest treatment time. Plasma jet was the quickest among the most used treatments in the time to micro-organisms inactivation (4Á26 AE 6Á45 min). The mean treatment time of each group of micro-organisms changes in relation to the plasma process that is applied, except for Salmonella sp. mesophilic bacteria and fungi. Plasma jet and DBD were the quickest in breaking the other group considered.
We did not find statistically significant differences in the log reduction of E. coli sp., Listeria sp., mesophilic et al. (2014) (27) bacteria and bacilli/spores on the bases of the plasma process, even if E. coli sp. reached the higher abatement by MW and DBD, Listeria sp. and mesophilic bacteria by DBD and bacilli/spores by MW. DBD was the most efficient treatment applied to Salmonella sp. (P < 0Á01), while low-pressure plasma was the better for the treatment of fungi (P < 0Á05). The air resulted in the most efficient gas in the abatement of Listeria sp. (P < 0Á05) and bacilli/spores (P < 0Á05) while no other differences were found for the other groups of micro-organisms.
Plasma treatments achieved a higher mean reduction in micro-organisms on fresh vegetables followed by dry fruits, nuts, and seeds and spices. This higher mean log reduction on fresh fruit and vegetables could be due to the higher water activity since the humidity or amount of water plays a fundamental role in the production of reactive species to achieve fast inactivation of microorganisms (Guo et al. 2015) . Moreover, as reported by Surowsky et al. (2015) , food structures can create physical barriers to the plasma penetration, and the surface of -8, 10-13, 15, 17, 18, 21, 23, 24) Dry fruits, nuts, seeds (4, 9, 22, 24, 25, 26, 27) Spices (14, 16, 19, 20, 28) Treatment time (minute) (mean 2, 17, 18, 23) Corona discharge 10Á00 AE 0Á00 10Á00 AE 0Á00
Plasma jet (6-11, 13, 14, 21, 24, 25, 28 ) (3, 4, 14, 19, 20) Low pressure 4Á00 AE 2Á00 4Á00 AE 2Á00 (26, 27) Other plasma process (12, 15, 16, 22, 24) *Data from only one study. †The numbers are associated to the references reported in Tables 1-7. spices (e.g. peppercorn) with cracks, grooves and pits might cause shadow effects for the emitted UV photons and other reactive species (Hertwig et al. 2015a) .
Integration of nonthermal plasma in food industry
Regarding the possibilities of this technology to reach the industrial application it is necessary to understand how the inactivation kinetics of micro-organisms due to plasma treatment are influenced by the surface structure, therefore, investigations using model systems cannot be simply transferred to the conditions prevailing on complex food surface. Another critical point is the efficiency of the method that depends on the specific properties of the product. Thus, the specific energy input, and temperature distribution are as important as material properties, composition, geometry and whether the material being treated is uniformly shaped, in pieces, powdered or liquid. Pores, capillary openings, a high water content and the buffering capacity influence the inactivation efficiency of the plasma. The assessment of plasma treatment is additionally impeded by the lack of standardization and incomplete descriptions of the process parameters. Furthermore, the application range, that is, which foods are suitable for plasma treatment, has not yet been sufficiently elucidated. Development of criteria to assess plasma treatment of foods requires not only a detailed, standardized characterization of the process parameters and the method but also elucidation and characterization of potential changes to substances in the treated foods. This calls for a comprehensive profile of the plasma-induced physical/ chemical/biochemical/microbiological changes in the food, also taking into account the penetration depth. This also applies to the impact of plasma treatment on potential compositional changes in the food, especially with regard to potentially harmful components Shaw et al. 2015; Mir et al. 2016) . The aim of the food industry is to produce healthy food with high nutritional and organoleptic quality, reducing the environmental impact, while raising their economic standards with a net profit. This matter must be taken into account for the evaluation of the economic and environmental sustainability of cold plasma treatments. Niemira (2012) proposed some interesting considerations about the economic aspects of plasma in food safety and food processing. These calculations derive from the transposition and the elaboration of the costs of plasma in nonfood commercial applications because the economic data presented in most food processing publications are not well detailed. Presuming that plasma technology costs are higher commercially compared to the lab, there is a certain gain in energy efficiency and other engineering advantages. Each cold plasma technology has specific fixed and recurrent costs, which are difficult to predict; while other costs (like consumables, energy consumption and feed gas) can be predicted. The electricity can be scaled from the lab to commercial equipment, reaching values comparable to other industrial apparatus (up to 90 kW). The feed gases and their purity represent crucial costs: the price range for helium is 7Á10-9Á39 € m À3 . For oxygen and nitrogen purchased in gas cylinders, the price is about 2Á25-9Á22 € m À3 , but if generated directly in the plant from the surrounding air the costs were abated to 0Á02-0Á15 € m
À3
. In the past few years, advances were made in realizing the industrial atmospheric plasma equipment devoted to nonfood applications. On the whole, the trend is to decrease both energy and process gas consumption, leading to situations of 35 kW of energy and 360 l min À1 for plasma jet technology and 100 l min À1 for DBD plasma technology, which is less than the consumption calculated in Niemira (2012) due to the drastically decreased costs when not using feed gases. Despite considerable improvements, it is possible to consider Niemira's (2012) conclusions still applicable, especially regarding the grade uncertainty of the optimal mixture composition for the biocidal activity. The antimicrobial contribution of very expensive gases, such as helium, has to be verified with accuracy in order to justify the high price and to find the exact applications.
Conclusion
The application of plasma technology on an industrial scale is possible only if it reaches sufficient levels of effectiveness, efficiency, and economic and environmental sustainability. The low-pressure processes are very effective, especially against fungi and yeast, but they need a vacuum system, so they cannot be used online. Nonthermal atmospheric plasma proves itself to be a suitable technology for use on fresh produce to reduce the microbial load that is present and to avoid reaching the minimum infective dose of pathogens. Considering the treatment time, it may be compatible with an industrial application using the DBD or the plasma jet.
Nonthermal plasma has many benefits including a lower operating temperature, lower water consumption, lower cost, timely production of the acting agents and a lack of residues during production when compared to thermal and chemical treatments (Thirumdas et al. 2015; Ziuzina et al. 2015; Li and Farid 2016) . Moreover, this technology could be used for the degradation of chemical contaminants such as pesticides and mycotoxins as reported by Heo et al. (2014) and Ouf et al. (2015) respectively.
Furthermore, the lack of data on formation of byproducts and the impact on the nutritional and organoleptic characteristics of fresh produce should be taken into account. It would be unrealistic to assume that a single technology could bring about a reversal in the trend revealed in the last few years, however, the introduction of gas plasmas at strategic points in the process that starts at the farm and ends at the fork could, along with other interventions, at the very least bring about a mitigation of the situation.
Various scenarios can be envisaged in which plasma treatment of foods and food processing equipment could be introduced to increase the safety of processed foods. Direct treatment of foods, for example, fresh fruits and vegetables, as well as treatment of packaged food (e.g. wrapped chickens) and in-package food (e.g. prepared salads) are all feasible.
The variability reported in the literature, however, is not only attributable to statistical changes in biological matter but it also reflects the influences of environment and discharge operating conditions. It would be possible, however, to engineer control systems to mitigate the effects of these environmental changes and improve the repeatability of the plasma treatment to a level acceptable for use in an industrial setting Shaw et al. 2015; Mir et al. 2016) .
All these observations show that nonthermal plasma technologies could be applied at the industrial scale, especially for the reduction in food spoilage micro-organisms, foodborne pathogens and chemical contaminants. These outcomes represent a main goal for improving public health and reducing the economic impact of health care associated with foodborne outbreaks and removing unsold goods after the expiration date.
